Solid-state recycling for runner scraps of Mg-Al-Ca alloy was carried out by extrusion at 673 K and mechanical properties of the recycled Mg alloy were investigated by tensile tests. At room temperature, the recycled specimen showed a good combination of high ultimate tensile strength (348 MPa), high 0.2% proof stress (305 MPa) and large elongation (9%). Additionally, the recycled specimen exhibited superplastic behavior at 573 and 673 K. The excellent mechanical properties of the recycled specimen result most likely from fine dispersion of precipitates which is attained by hot extrusion.
Introduction
Mg alloys are currently the lightest alloys used as structural metals and Mg products have been applied for structural uses such as automobile parts and electric appliance cases. 1, 2) In order to obtain further demands of Mg alloys, it is necessary not only to attain good characteristics (high strength, high corrosion resistance, etc.), but also to develop useful recycling processes. To date, some recycling processes such as remelting 3, 4) have been proposed and applied. Recently, ''solid-state recycling'', in which metal scraps are recycled by hot extrusion and so on without remelting, has been proposed as a new recycling method for Mg alloy scraps. [5] [6] [7] [8] [9] [10] [11] In the previous researches, machined chips of commercial Mg alloy such as AZ91 5) and AZ31 9, 10) were recycled by hot extrusion. The recycled Mg alloys showed high strength because grain refinement was attained by hot extrusion. 5) Thus, mechanical properties can be improved due to microstructural control for the solid-state recycling.
An aim of this study is to investigate mechanical properties of Mg-Al-Ca alloy recycled by the solid-state recycling method. It is known that Al 2 Ca is precipitated in Mg-Al-Ca alloy. 12, 13) Hence, improvement of mechanical properties may be attained due to not only grain refinement, but also fine dispersion of the precipitates in Mg-Al-Ca alloy recycled by the solid-state recycling method.
Experimental Procedure
Runner scraps of a Mg-Al-Ca alloy with 5 mass%Al, 1.8 mass%Ca, 0.5 mass%Mn and 0.2 mass%Sr 14) were used as as-received scraps, as shown in Fig. 1(a) . Microstructure of the as-received scraps are shown in Fig. 1(b) . Equiaxed grains with 7.0 mm in grain size were observed, and the grains were covered with precipitates which corresponded to Al 2 Ca and Al 2 Sr as a result of XRD analysis. The scraps, which were cut into three equal parts and degreased by using acetone, were recycled into an extrusion with 6 mm in diameter by directly extruding the scraps under the condition of 673 K with an extrusion ratio of 45 : 1 in air.
Tensile specimens with 5 mm in gage length and 2.5 mm in gage diameter were machined from the recycled extrusion and the as-received scraps. Tensile tests were carried out at room temperature to 673 K with an initial strain rate of 5 Â 10 À4 to 5 Â 10 À2 s À1 . Microstructures of the specimens were observed by optical microscopy (OM), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Oxygen concentration in the specimens was measured by Glow Discharge Mass Spectrometry (GDMS), and concentrations of the other contaminations were detected by Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES).
Results and Discussion
Figure 2(a) shows microstructure in the horizontal section to an extrusion direction of the recycled specimen observed by OM. It is found that the precipitations were dispersed parallel to the extrusion direction in the as-received specimen. The grain size of the recycle specimen was 4.7 mm. This value is smaller than that of the as-received specimen, indicating that the grains were refined by dynamic recrystallization 15) during hot extrusion. Observation of TEM revealed that fine precipitates with sub-micronmeter size were located at grain boundaries, as shown in Fig. 2(b) . It is suggested that the fine precipitates suppress grain growth during hot extrusion. Table 1 shows the concentration of contaminants in the Mg-Al-Ca alloy specimens. The concentrations of detrimental elements for corrosion properties such as Fe, Cu and Ni were almost the same as those of the as-received specimen. On the other hand, the oxygen concentration of the recycled specimen was higher than that of the as-received specimen. The increase in oxygen level is due to oxide layers on the scraps. 10) However, the oxygen concentration in the specimen made of the runner scraps in the present research was much smaller than that in the specimen made of machined chips (¼0:3 mass%) in the previous work, 10) because a total surface area of runner scraps was much smaller than that of machined chips. Table 2 shows tensile properties at room temperature of the recycled specimens and the as-received specimens. The recycled specimens showed a good combination of high ultimate tensile strength, high 0.2% proof stress and high elongation to failure. It should be noted that the mechanical properties of the recycled specimen were superior to those of the as-received specimen.
A large difference of about 140 MPa in strength between the recycled specimen and the as-received specimen cannot be explained only by grain refinement from 7.0 to 4.7 mm. The previous work, 16) which described mechanical properties of the extruded Mg alloy containing dispersed Mg 2 Si particles, showed that high strength was attained by some strengthening mechanisms such as Orowan strengthening and dislocation generation strengthening due to a difference in thermal expansion between a matrix and a particle. In the present work, fine particles with sub-micronmeter size were precipitated, as shown in Fig. 2(b) . Therefore, an increase in strength for the recycled specimen is likely to be attributed to not only grain refinement, but also the fine precipitates. Besides, the texture effects may contribute to strengthening in the recycled specimen because it is well known that a texture change strongly affects 0.2% yield stress of extruded Mg alloy specimens. 17) Variations in stress and elongation at 573 and 673 K as a function of strain rate for the recycled specimens and the asreceived specimens are shown in Fig. 3 . It should be noted that the recycled specimens showed larger elongation, compared with the as-received specimen. In particular, large elongation of 359% was obtained at 673 K and at 5 Â 10 À4 s À1 in the recycled specimen. Also, the recycled specimen exhibited a high strain rate sensitivity of 0.5 at a low strain rate range of 5 Â 10 À4 -5 Â 10 À3 s À1 at 573 and 673 K [Fig. 3] . Thus, the recycled specimen exhibited superplastic behavior. However, the as-received specimens did not show superplastic behavior. Figure 4 shows the side surfaces of the recycled specimen and the as-received specimen deformed to fracture at 5 Â 10 À3 s À1 and at 673 K. A bumpy surface was observed for the recycled specimen, indicating that grain boundary sliding occurred. However, no evidence for grain boundary sliding was found for the as-received specimen.
Tensile specimens deformed to fracture at 5 Â 10 À3 s
À1
and at 673 K are shown in Fig. 5 . The recycled specimen showed diffusional necking, not premature fracture. However, the as-received specimen exhibited premature fracture. The above experimental results showed the deformation and fracture mechanisms at elevated temperature for the recycled specimen were different from those for the asreceived specimen, though the difference in grain size was minor between the recycled specimen and the as-received specimen. It is of interest to note that the precipitates covered grains in the as-received specimen, however, the network of precipitates was destructed by hot extrusion and fine precipitates was dispersed in the recycled specimen. The fractured surface of the as-received specimen deformed to fracture at 5 Â 10 À3 s À1 and at 673 K is shown in Fig. 6 . The un-deformed grains were observed in a part of the fracture 
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Y. Chino, L. Jae-Seol, Y. Nakaura, K. Ohori and M. Mabuchi surface. Figure 6 might suggest that the network of precipitates at grain boundaries suppresses grain boundary sliding and enhances crack formation. The crack formation at grain boundaries might lead to premature fracture in the asreceived specimen. Therefore, it is likely that superplastic behavior was not obtained and the premature fracture occurred due to the network of precipitates in the as-received specimen, however, because the network of precipitates was destructed by hot extrusion, the recycled specimen showed superplastic behavior.
Conclusions
Mechanical properties of Mg-Al-Ca alloy recycled by the solid-state recycling have been investigated. The results are summarized as follows.
(1) As a result of tensile tests at room temperature, the recycled specimens showed a good combination of high ultimate tensile strength, high 0.2% proof stress and high elongation to failure. The mechanical properties of the recycled specimen were superior to those of the asreceived specimen.
(2) As a result of tensile tests at 573 and 673 K, the recycled specimens showed larger elongation and high strain rate sensitivity, compared with the as-received specimen. In particular, large elongation of 359% was obtained at 673 K and at 5 Â 10 À4 s À1 in the recycled specimen. Thus, the recycled specimen exhibited superplastic behavior. However, the as-received specimens did not show superplastic behavior. (3) Precipitates covered grains in the as-received specimen, however, the network of precipitates was destructed by hot extrusion and fine precipitates was dispersed in the recycled specimen. The excellent mechanical properties of the recycled specimen are likely to result from fine dispersion of precipitates which is attained by hot extrusion. Fig. 6 The fractured surfaces of the as-received specimen deformed to failure at 5:0 Â 10 À3 s À1 and 673 K.
